The effects of spatial cuing were measured for discriminating between an increment and a decrement on a target's pedestal contrast. Discrimination thresholds measured in the absence of a spatial cue were always higher than corresponding thresholds measured in the presence of a spatial cue, except when pedestal contrast was near zero. Uncued discrimination thresholds rose monotonically with pedestal contrast; cued discrimination thresholds formed a dipper function of pedestal contrast. A spatial-uncertainty model incorporating a nonlinear transducer produced similar results. © 1997 Optical Society of America [S0740-3232(97)00609-1]
INTRODUCTION
A popular method for investigating the effect of attention on visual sensitivity is to measure the effect of a spatial cue (indicating the probable location of the target) on the detectability of simple luminance increments [1] [2] [3] [4] [5] or gratings. 6 Most of these studies indicate that spatial cuing can influence detection, [1] [2] [3] [4] 6 yet the cuing effect on detection is small compared with similarly obtained cuing effects for line length, 5 orientation, and form discriminations. 2 In such experiments, a target at one location is to be discriminated from distractors at other locations. A critical difference between detection and discrimination experiments is that just-detectable (threshold) stimuli are used in the former and easily detectable (suprathreshold) stimuli are used in the latter. Below we describe a contrast discrimination experiment in which the contrast of the distractors was systematically varied. This technique allows us to show that the effect of spatial cuing changes as the detectability of the distractors changes.
An important issue in the cuing literature is whether cuing effects can be attributed solely to a reduction in spatial uncertainty. [2] [3] [4] [5] [6] [7] [8] That is, a spatial cue is expected to improve performance because it enables observers to ignore irrelevant information from uncued locations. However, it is conceivable that a cuing effect could be so large as to imply a perceptual capacity limitation. For example, visual information may be less precise without a cue than with a cue. Below we demonstrate that no such capacity limitations are necessary to explain our results.
METHODS

A. Observers and Apparatus
The first author served as an observer. The other two observers were naïve. All had normal or corrected-tonormal vision. Stimuli were displayed with gamma correction on a monochrome cathode-ray tube in a dark room. Maximum and minimum display luminances were 54 and Ͻ 0.05 cd m Ϫ2 , respectively. The stimuli on the video were displayed with a surround of 27 cd m Ϫ2 , and the frame rate was 66.7 Hz. Display resolution was 30.3 pixels/cm. Observers viewed the screen from 43.1 cm, resulting in an effective visual resolution of 22.8 pixels/deg. The PSYCHOPHYSICA/CINEMATICA 9,10 software used in these experiments is available on the internet at http:// vision.arc.nasa.gov/mathematica/psychophysica.html.
B. Stimuli
Targets and distractors were Gaussian blobs with a halfheight diameter of 0.56 deg. These blobs appeared in four positions, each Ϯ3.5 deg above Ϯ3.5 deg to the right of fixation. The spatial cue was a black line, 1 pixel wide, extending from fixation to the nearest spot 2.2 deg from the center of the target. In the uncued condition, all four possible lines were displayed. A sample stimulus in the uncued condition is shown in Fig. 1 .
C. Procedure
When ready, the observer pushed a key to initiate the trial sequence: The fixation spot (1 black pixel) was re-placed by a 150-ms display of the spatial cue, and then one target and three distractors were flashed simultaneously for 30 ms. No postmask was used. The fixation spot returned immediately after the disappearance of the target and the distractors. On any given trial the target could appear in any of the four possible locations with equal probability. The observer's task was to decide whether the target was brighter or darker than the distractors. (Since the distractors in any session are also the standards of comparison, their contrast can be termed pedestal contrast, commensurate with the contrast discrimination literature.) Feedback for a correct response was given by a low-frequency tone; an incorrect response was identified by a high-frequency tone.
Each session consisted of 32 trials with each of 4 interleaved adaptive staircases. 11 Two staircases converged upon the target contrast for which the observer responded ''brighter'' 62.5% of the time, one for cued discriminations and one for uncued discriminations. Similarly, two staircases converged upon the target contrast for which the observer responded ''darker'' 62.5% of the time. In each session pedestal contrast was fixed. Here we define contrast as (luminance Ϫl 0 )/l 0 , where l 0 is the background luminance. Nine pedestal contrasts were used in different sessions. In experiment 1 the nine contrasts were Ϫ1/2, Ϫ1/4, Ϫ1/8, Ϫ1/16, 0, 1/16, 1/8, 1/4, and 1/2. In experiment 2 the nine contrasts were Ϫ1/16, Ϫ1/32, Ϫ1/64, Ϫ1/128, 0, 1/128, 1/64, 1/32, and 1/16. Pedestal contrasts were presented in a randomized order within each series. (Note: for zero-contrast pedestals, the task was to determine whether the target was brighter or darker than the background.)
RESULTS
A. Experiment 1
For SB and CP who completed two series of nine sessions each, staircases begun in the first series were resumed in the second, thereby maximizing measurement efficiency. For JAS, who completed three series, staircases were begun anew each session, thereby allowing for a description of measurement error.
Sensitivity
Mappings of target contrast to response frequency were fitted (by the maximum-likelihood method) with cumulative normal psychometric functions separately for cued and uncued discriminations and for each pedestal contrast and observer. The reciprocal of the slope of any such psychometric function is a measure of discrimination threshold. Discrimination thresholds are plotted in Fig.  2 .
With one exception (JAS; pedestal contrast, 0) uncued thresholds are always higher than corresponding cued thresholds. With one exception (SB; pedestal contrast, Ϫ1/16) uncued thresholds rise monotonically with the magnitude of pedestal contrast. Cued thresholds first decrease and then increase as the magnitude of pedestal contrast rises, forming the well-documented dipper function of contrast discrimination.
12,13
The results from all three observers indicate this same, apparently qualitative, difference between cued and uncued discrimination. However, SB appears to be less sensitive, overall, than the other two observers. SB's results also indicate a large cuing effect for zero-contrast pedestals (his uncued threshold is 63% higher than his corresponding cued threshold), whereas CP's results indicate a small effect (her uncued threshold is 17% higher than her corresponding cued threshold), and JAS's results indicate no cuing effect at all. 
Bias
Just as the slope of the psychometric function provides a measure of the observer's sensitivity, the mean of the psychometric function provides a measure of the observer's bias. Bias is the target contrast at which ''brighter'' and ''darker'' responses are equally likely (specifically, the mean of the fitted psychometric function) minus the pedestal contrast. Biases are plotted in Fig. 3 .
On the one hand, when the pedestal contrast is zero, most observers respond without bias. On the other hand, all the observers show biases for most other pedestal contrasts. However, there does not seem to be any systematic pattern of bias across all the observers. JAS's biases are roughly monotonic with pedestal contrast, as are CP's cued biases. CP and SB's uncued biases are generally negative, regardless of the sign of pedestal contrast. SB's cued biases seem to be almost random.
B. Experiment 2
Results of subsequent related experiments (not included here) suggested that SB's sensitivity was improving. To confirm that the results that we report here are robust to practice, we elected to rerun the experiment. Moreover, we wanted to better investigate the apparently qualitative difference between cued and uncued discrimination. Thus, in experiment 2, we used pedestals of low contrast magnitude.
Between experiments 1 and 2, JAS and SB had a considerable amount of practice doing similar tasks. CP had no practice between experiments 1 and 2. As in experiment 1, CP completed two series; staircases begun in the first series were resumed in the second. For JAS and SB, who completed three series each, staircases were begun anew each session.
Sensitivity
Discrimination thresholds are plotted in Fig. 4 .
Practice has made SB's overall sensitivity similar to that of the other observers. He no longer shows a cuing effect with zero-contrast pedestals. In fact, for all three observers, cued and uncued thresholds are similar for pedestal contrasts between Ϫ1/64 and ϩ1/64. Cued thresholds are lowest when the pedestal contrast is Ϫ1/32. The results of experiment 2 confirm that discrimination functions for cued and uncued targets are not merely translations of one another. They really have different shapes: The cued one dips; the uncued one does not.
Bias
Biases are plotted in Fig. 5 .
As before, when pedestal contrast is zero, all the observers generally respond without bias. The only exception is CP's uncued threshold. Also, as before, CP's cued biases are nearly monotonic with pedestal contrast. JAS's and SB's biases are decidedly nonmonotonic with threshold contrast. Both cued and uncued biases in- crease as pedestal contrast is raised to approximately Ϫ0.015, then biases decrease as pedestal contrast is raised to approximately ϩ0.015 (passing through zero for zero-contrast pedestals), and then they increase again.
MODEL A. Nonlinear Transducer
An important aspect of our data is that thresholds are similar for similar contrast magnitudes. That is, contrast discrimination functions are nearly symmetric about the axis of zero-contrast pedestals (however, see Subsection 5.B below). This result supports the notion that discrimination is limited by noise arising after contrast transduction. This idea can be directly applied to our cued discrimination data. Simply stated, we shall assume that the observer makes a noisy comparison between the transduced target contrast and the transduced pedestal contrast. More formally,
where ⌿ is the observed frequency of a ''brighter'' response, x is the pedestal contrast, x ϩ ⌬x is the target contrast, f(x) is the transducer, and is a random variable. Traditionally, a nonlinear transducer is employed to explain contrast discrimination results. 12, 13 For the simulation shown in Figs. 2 and 4, ϳ N(0, 1) , and
This nonlinearity is of the form favored by Foley. 14 For the simulation shown in Figs. 2-6 , a ϭ 13.0, b ϭ 0.0364, p ϭ 2.89, and q ϭ 2.49. This model predicts a somewhat bumpy psychometric function (see Fig. 6 ). Our data set is not sufficiently rich to directly confirm this prediction.
Note that since our trials are blocked by pedestal contrast, the observer need not compare a transduced target contrast with transduced pedestal contrasts from the same trial. We may assume that the observer has seen enough distractors to accurately formulate the expected transduction of pedestal contrast and compares each target with this expectation.
B. Spatial Uncertainty
In the uncued condition the ideal strategy is to compare the noisily transduced contrasts of all four potential targets with the expected transduction of the pedestal contrast. Note that this comparison could be done for all potential targets individually, or the contrasts of all four targets could be pooled (somehow) prior to transduction. We shall ignore the latter possibility and make the conventional assumption that each potential target's transduced contrast is perturbed independently by the same noise that limits cued discriminations. This is an important assumption. It means that the cue effects performance solely by indicating to the observer which three locations can be ignored. To complete the model, we propose that the observer's response is determined by a Minkowski sum of the noisy comparisons. Specifically,
where N is the number of potential target locations (four in our uncued condition). If ␤ ϭ 1 then responses will depend on the sign of the (linear) sum of all N discrepancies. For large ␤, responses will depend on only the largest discrepancies. By allowing ␤ to vary, a range of intermediate combination strategies can be produced. For the simulation shown in Fig. 2 A nonlinear transducer model will produce dippershaped discrimination functions only when the variance of the noise is small compared with the range of the accelerating portion of the nonlinearity. Because of spatial uncertainty, the total variance of the noise increases as the number of potential target locations increases. In the model, the criterion for dipper production is met when the number of potential target locations is one (i.e., the cued condition). It is not met when the number of potential target locations is four.
C. Capacity Limitations
It is possible that human observers cannot make four comparisons as easily as they can make one. For example, suppose that comparison is a serial process. It is possible that only one or two may be carried out before all the potential targets (or the memories thereof) disappear. Alternatively, it is possible that four comparisons can be made in parallel, but not with the same precision afforded a single comparison. A capacity limitation such as this could be modeled by an increase in the variance of the i 's in Eq. (3). Yet the spatial-uncertainty model alone provides a satisfactory description of our results without a capacity-limiting modification. In this respect our results are in accordance with those of Palmer and colleagues, who found that a spatial-uncertainty model alone could account for cuing effects in a variety of discrimination tasks, 7, 8 including contrast discrimination (one pedestal contrast was tested). 8 
DISCUSSION
A. Other Increment/Decrement-Discrimination Studies Most contemporary contrast discrimination studies employ a two-interval forced-choice procedure. Such stud- Fig. 6 . Theoretical psychometric function for cued discrimination with pedestal contrast equal to 0. The nonlinear transduction model predicts that the psychometric function will have three inflection points when the pedestal contrast is near zero.
ies often produce threshold curves that dip when the pedestal is near its detection threshold.
12,14-22 Although we did not explicitly measure detection thresholds, our cued discrimination functions dip at contrasts of Ϯ1/32. Observers' reports suggest that these contrasts are in fact quite close to detection threshold.
We know of only two studies apart from our own in which observers were required to determine whether a briefly flashed target was brighter or darker than the adapting luminance. Both are discussed below. We know of no studies apart from our own in which observers were required to determine whether a target was brighter or darker than a pedestal different from the adapting luminance (i.e., a non-zero-contrast pedestal).
Krauskopf 23, 24 reports increment/decrement-discrimination thresholds and proposes the following model: A linear filter with a biphasic temporal impulse response is applied to the target. If the filter's output exceeds some positive threshold value, the observer responds ''brighter.'' If the filter's output exceeds some negative threshold value, the observer responds ''darker.'' Noise perturbs the filter's output so that sometimes the wrong threshold is exceeded. Thus, when a low-contrast flash exceeds the wrong threshold, it will be detected but incorrectly identified. This model is appealing because it explains why detection thresholds can be lower than discrimination thresholds, but this model is not sufficiently specified to make absolute quantitative predictions. Specifically, it is not clear what happens when both thresholds are exceeded, as is certainly the case even for zero-contrast pedestals.
While Bonnel et al. do not report thresholds, 5 they do establish that observers can detect low-contrast flashes at two locations concurrently, with no loss of accuracy compared with detection of low-contrast flashes at a single location. However, when observers are required to judge and to give the response ''brighter'' or ''darker'' at two locations concurrently, accuracy suffers as compared with that for a single increment/decrement discrimination. This result, although not a cuing effect (single and concurrent discriminations were run in different blocks), does indicate that uncertainty reduction cannot explain all attentional influence on visual sensitivity.
B. Model Behavior
We have assigned values to the parameters of our model that provide a reasonable fit to all our results. Like the human observers, the model produces cued discrimination functions that dip and uncued discrimination functions that do not. Unlike the human observers, the model produces discrimination functions that are exactly symmetric about the axis of zero-contrast pedestals. While most of the asymmetry of the humans' data appears to be unsystematic, all three observers showed maximum sensitivity with dark pedestals (contrast, Ϫ1/32).
Our human observers' uncued thresholds were greater than their corresponding cued thresholds, except with near-zero pedestals. In these situations, when the distractors were invisible, cuing effects were variable. JAS never showed a cuing effect with zero-contrast pedestals. CP and SB did in experiment 1, but not in experiment 2. This is reminiscent of documented cuing effects for detection. Often such cuing effects were found, [1] [2] [3] [4] 6 but sometimes they were not. 5 The model's uncued thresholds are greater than its corresponding cued thresholds for all the pedestals. The difference between the model's cued and uncued thresholds for zero-contrast pedestals varies inversely with the parameter ␤. By setting ␤ ϭ 2, we produce a moderate cuing effect for near-zero pedestals (uncued threshold is 37% higher than the corresponding cued threshold).
Outside the dipper region, the shape of the contrast discrimination function is largely determined by the difference between p and q. We set this difference to be 0.4 (as suggested by the results from Foley's observer KMF 14 ) and selected a value for p that provided our data with a reasonable fit. Our value of 2.89 is comparable with the value of 2.72 that describes the data obtained from Foley's KMF. Results from Foley's other observer were fitted with p ϭ 2.55 and q ϭ 2.18.
Let represent pedestal contrast. In experiment 1, when ͉͉ у 1/16, our relatively inexperienced observers produced biases that are large in comparison with those produced by the model. In experiment 2, when ͉͉ р 1/16, our highly practiced observers (SB and JAS) produced biases that were very similar to those produced by the model. The model's bumpy bias plot in Fig. 5 results from fitting non-Gaussian psychometric functions, like the one shown in Fig. 6 , with cumulative Gaussians to determine sensitivity and bias. The bias plots of the data from SB and JAS are similarly bumpy.
CONCLUSION
Our paradigm extends previous research on the cuing effects for the detection of simple luminance increments [1] [2] [3] [4] [5] by systematically varying the pedestal contrast in a contrast discrimination task. We found that cuing effects vary nonmonotonically with the detectability of potential targets. In particular, they seem to be maximal when potential targets are near the threshold of visibility. This is the dipper region of the contrast discrimination function for cued targets. As the contrast discrimination function for uncued targets has no dipper region, cuing effects are greatest here. Finally, we have demonstrated that a spatial-uncertainty model incorporating a nonlinear transducer can provide a satisfactory description of our results.
